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Abstract. Active regions where flares alone occur and flares with coronal mass ejections
(CMEs) occur display substantial differences in behaviour and morphology. The higher peak
flux of the soft X-ray (SXR) emission is an important characteristic of the flares that occur
with CMEs. Therefore, flare peak flux could be a strong indicator that there could be two
classes of flares – one with associated CMEs and the other without CMEs. This classification
is distinct from the SXR flare classes A to X.
Key words: Sun, Solar flares, Flare classes, SXR peak flux, Coronal mass ejections, Meth-
ods: statistical

1. Introduction

Flares occur with and without associated CMEs (Tandberg-Hanssen and Em-
slie 1988, Green et al. 2001). Several studies highlight distinct aspects of active
regions (ARs) where both flares and CMEs occur in contrast to ARs where
flares alone occur (Green et al. 2001).

A study by Brosius and Holman (2012) reports that the flare accelerated
non-thermal particles trigger the heating of the chromosphere, inducing evapo-
ration in the chromosphere resulting in the hot, dense, plasma filling magnetic
loops. Assuming that such a swelling of magnetic loops would cause catas-
trophic detachment of coronal loops on all or some occasions resulting in the
occurrence of CMEs, it is inferred that the longer duration and higher peak
flux emission could be a strongly associated characteristic of the flares occur-
ring in association with CMEs. By this, we do not suggest that flares drive
CMEs. Further, quite a few short duration flares do have associated CMEs.

The power-law indices for flares without CMEs are steeper than those
for flares with CMEs (Yashiro et al. 2006). This result indicates that there
exist better association between flare duration and peak flux for flares without
CMEs. This is not the case for flares with CMEs, indicating that these flares
are probably of a different class.

A close association exists between the main energy release of the associated
flare and the impulsive acceleration of a CME in the inner corona. Also, the
CMEs associated with the long-decay time flares (otherwise known as flares of
long-duration) are known to experience acceleration further to flare impulsive-
phase, even when some of them have already reached a high speed during post-
impulsive acceleration phase while not showing a deceleration that is expected
from the aerodynamic drag by the background solar wind (Chen et al. 2011).

The presence of two ribbon flares in H alpha is an important characteristic
of CME producing filament eruptions while this property was not found in
the flares without CMEs (Choudhary and Moore 2003). However, it is also
pointed out that the presence of ribbons does not guarantee CME associated
flare emission. In this connection, it has been reported that ribbon-separation
velocity, as well as larger ribbon separation, appear to be well associated with
CME associated flares. Even though Geostationary Operational Environment
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Satellite (GOES) soft X-ray (SXR) flux is reported to be demonstrating good
association with ribbon separation, contrary result is also reported that ribbon
separation velocity is not well associated with GOES flux (Hinterreiter et al.
2018). The phenomenon is quite complex.

The growth of arcade associated with the emergence of flux and CME,
the particle acceleration in flares and the large-scale acceleration of CME are
strongly coupled (Liu et. al. 2010a).

The displacement parameter, which is the distance between the flare region
and the flux-weighted center of magnetic region is much larger for the CME
occurring ARs than for the confined flares (Wang and Zhang 2007).

The CMEs generally occur from large source regions compared to flares
(Harrison 1995). This indicates that such flares may contain higher energy.

The concept of free magnetic energy is important because energy in such
ARs could be the maximum during a CME, solar flare or a filament eruption
(Aschwanden 2013). This is because the time profile of GOES flux and free en-
ergy, and also GOES flux and free energy ratio (free energy/potential energy),
shows good correlation (Aschwanden 2015). Further, the linear least square
fits between linear and logarithmic values show good association, displaying
an exponential or a power-law function (Aschwanden 2013). It is observed
that, generally, CME associated flares emit higher peak flux (Suryanarayana
and Balakrishna 2017). The higher free energy has been found to be essential
where both flares and CMEs occur, whereas a flare or a CME alone may occur
if the free energy is less (Lin 2004).

The complex ARs, as indicated by sunspots of βγ type, tend to emit flares
with CMEs 90 % of the time, whereas ARs of the type α or β are known
to emit only flares (Chen et al. 2011). In other words, the emphasis is on
the ARs complexity leading to increased CME productivity. Several ARs pa-
rameters are significantly higher if there is an associated CME (Cheng et. al.
2011 and references therein). The occurrence of higher intensity flares in ARs
with enhanced parameters (tilt angle, total flux, length of the strong-field and
strong-gradient on the main neutral line and effective distance which is an
indication of magnetic complexity) is highlighted in other studies too (Guo et.
al. 2007).

Similarly, several parameters of ARs associated with flares of higher peak
flux were found especially associated with high speed CMEs (Su et. al. 2007).
We also note that for a given peak flux, flares generally last for a longer dura-
tion if they are confined events (Wang and Zhang 2007). In other words, for
a given flare duration, the flares attain higher peak flux if they are associated
with CMEs.

In other words, on a comparative scale, for a given flare duration, higher
peak flux is often the case when a CME occurs along with a flare (Surya-
narayana and Balakrishna 2017). Thus, the free energy that is accumulated
(Cheng et. al. 2011 and references therein) is released swiftly if flares occur
with CMEs, which amounts to higher peak flux. The new flux emergence in
complex ARs is often the case when flares and CMEs occur (Green et. al. 2003)
in comparison to flare occurrence alone. Hence, new flux emergence may be
construed as aiding the occurrence of higher peak flux flares in association
with the CMEs.
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While the long duration flares are known to be highly associated with
CMEs, increasing duration coupled with higher peak flux is found to be very
essential for an associated CME (Suryanarayana and Balakrishna 2017). This
leads to the view that CMEs occur probably because of a result of an inde-
pendent process. In other words, the magnitude of energy build up, as seen by
the flare duration, seems less important.

It has been found that CMEs occur increasingly if the SXR flux is increas-
ing (Nitta et. al. 2014). In particular, the result as indicated in the figure in
that paper brings out the fact that distinctly higher peak flux is emitted for
most flares across all durations when these flares have associated CMEs in
contrast to flares without CMEs (Suryanarayana and Balakrishna 2017).

It is suggested that a prediction is possible with a 95% confidence that
CME will be observed when the thresholds of peak flux of the flare is 6.0 x
10-5 Wm-2 or more (Andrews 2003).

The CME kinetic energy and velocity and the SXR peak flux values of flares
are correlated (Burkepile et al. 2004, Hundhausen 1997, Chen and Zong 2009).
The coronal plasma heating from the reconnection region is also suggested to
be important to the CME kinetics where the flare also occurs (Jain et. al.
2010). The obvious inference is that more flux would be emitted in flares with
CMEs.

The reconnection leads to energy of the magnetic field being converted in
the corona, resulting in the heating of plasma and acceleration of the particles.
Thus, the dominant process of conversion of the energy due to magnetic field
heats the coronal plasma of the reconnected loops that may drive the CMEs
to increased speeds (Jain et. al. 2010).

It is also suggested that the velocity of CME and the peak flux of X-ray
emission is enhanced than that between the time-integrated X-ray flux and
the CME velocities of associated flares (Chen and Zong 2009). The association
of high flux value flares to the fast CMEs apparently renders them as good
candidates for acceleration of particles (Suryanarayana 2012 and references
therein).

Thus, whether the flare flux in general and peak flux in particular drives
the CMEs or not, the high peak flux serves as an indicator of the underlying
cause that triggers CMEs. In other words, the foregoing discussion presents for
a compelling argument for a sharp difference in characteristic of flares having
associated CMEs in comparison to flares that are not associated with CMEs.

Hence, we examine whether the flares occurring with and without CMEs
can be regarded as comprising of two classes.

The reconnection of magnetic fields is believed to trigger both flares and
CMEs. In other words, magnetic reconnection is the common attribute of flares
with and without CMEs. Hence, we compare flares of same duration so as to
know the difference in their peak flux emissions. This is also aided by the fact
that the CME occurrence rate increases rapidly with flare duration (Sheeley
et al. 1983, Kahler et. al. 1989). Hence, flare duration serves as a reasonable
parameter to compare the difference, if any, between the peak flux values of
flares occurring in association with the CMEs as opposed to flares with no
associated CMEs.
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2. Data

We make use of the Solar Geophysical Data (SGD) archive that lists the flares
observed by Geostationary Operational Environment Satellite in SXR in the
wavelength bands of 0.1-0.8 nm1. The flare duration is obtained using the start
and end times reported. The flare peak flux values are also indicated in the
archive.

It is reported that the simple temporal association of flares with CMEs
within 2 hours time window from the CMEs yields 85 % association with
CMEs (Cheng et al. 2010, Cheng et. al. 2011, Harrison 1991, Harrison 1995).
We collect a total of 11,822 flares from the years 1999 to 2002. In this statistics,
3462 flares are associated with CMEs that occur within ±2 hour from the time
of first observation of CMEs. The remaining 8360 flares do not have associated
CMEs meeting this criteria and hence are regarded as flares without associated
CMEs.

The data of CMEs is from the SOHO (Solar and Heliospheric Observa-
tory) LASCO (Large Angle and Spectrometric Coronagraph) 2. The Wind
Waves (WW) flare events are obtained from the WW archive 3. The WW list
is obtained by identifying ARs, solar radio type II bursts, flares and CMEs
(Gopalswamy et al. 2018). Hence, these flare - CME associations are quite
stringent (Gopalswamy et al. 2019). This is a sub set of flares associated with
CMEs.

The flares from WW list are generally of very high peak flux. The flares as-
sociated with CMEs, as obtained from the simple temporal association, could
be consisting of some flares that are not necessarily associated with CMEs.
This may somewhat affect the actual average peak flux of such flares. This
has possibly resulted in the lower average peak flux of flares that are from the
simple temporal association, compared to peak flux values of flares from the
WW list. However, the use of simple temporal association list of flares asso-
ciated with CMEs is necessary for the sake of completeness of data. Further,
we are not looking for an exact value of difference in the peak flux between
two set of flares.

Figure 4, top panel, in the paper of Liu et al. (2010b) gives an idea about
the propagation direction of CMEs which would be largely between -2 to +
5 degrees around The Sun-Earth line. In other words, a CME is expected to
generally propagate radially outward from the source region. This means, a
CME originating on the far side of the Sun would most often be propagating
on the far side. Hence, the possibility of an invisible side flare being associated
with a CME observed by the SOHO LASCO is quite small.

Since, the simple temporal association ensures that the flares are consid-
ered as without associated CMEs if no CME has occurred within the 2 hours
time window, such flares can be considered as mostly without really having
any associated CMEs. On the other extreme, the WW flares are considered as
associated with CMEs on the basis of a reasonably strict criteria. In between,
the flares considered as associated with CMEs purely on the temporal associ-
ation may have some doubtful events. However, this set along with WW list

1 ftp://ftp.ngdc.noaa.gov/STP/SOLAR DATA/SGD PDFversion/
2 http://cdaw.gsfc.nasa.gov/CME list/ archive
3 https://cdaw.gsfc.nasa.gov/CME list/radio/waves type2.html
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will still provide a reasonable indication about the distinctness of these flares,
compared to flares without CMEs.

3. Analysis and Results

Since magnetic reconnection has been strongly believed to trigger flares as
well as CMEs, and the rate of CME occurrence increases with the flare du-
ration (Suryanarayana and Balakrishna (2017) and the references therein),
we compare the peak flux of flares with and without CMEs in terms of flare
duration.

We bin the flare durations and the corresponding peak flux values in the
range of 5 minutes of flare duration. This follows the method used in an earlier
paper (Suryanarayana and Balakrishna 2018). We plot these values as grouped
bar plots.

We find that the flares associated with CMEs have higher peak flux values
in comparison to flares with no CMEs. The result is shown in Fig.1. The flares
from the WW list demonstrate the phenomenon in a very pronounced manner.

The error bars plotted on each bar has been computed as follows. The
square root of the number of points for each bin is obtained and the same is
divided by its standard deviation.
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Fig. 1. SXR flare duration along X axis and peak flux along Y axes. The bars in blue are
flares without CMEs, bars in green are flares with associated CMEs and bars in pink are
flares associated with CMEs from the WW list. The error bar overlaid on each bar indicate
the error in each bin.

It is argued that the accumulated energy is released in flares. Therefore,
the difference between the duration of the flares associated with CMEs and
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the flares without CMEs is a measure of the energy enhancement that should
trigger the CME in association with the flare. This is so if the CME is occurring
due to energy crossing a threshold. In this context, we note that coronal loops
may detach when filled with hot, dense plasma, and the detachment may
lead to the consequent CME occurrence (Brosius and Holman 2012). Further,
higher free energy may have a bearing in the occurrence of flares with CMEs
(Lin 2004).

If energy enhancement is the sole factor in triggering a CME, the peak flux
enhancement too will be following the same trend as duration enhancement.
On the other hand, the difference in flare peak flux so obtained could be an
indication of the sudden surge in the peak flux signalling a different phenomena
such as the helicity expulsion in association with the CME.

We obtain the difference in flare duration between the flares associated with
CMEs and flares not associated with CMEs from the previously obtained bins
of 5 minutes duration. We obtain the peak flux difference similarly for the
same bins.

We plot the association between the difference in duration and difference
in peak flux in Fig.2(left). Similarly, we plot the association between the dif-
ference in duration and difference in peak flux for the flares without associated
with CMEs and flares associated with CMEs from the WW list in Fig.2(right).
The flares without associated CMEs are the same for both panels.

A good association between the difference in duration and difference in
peak flux would have meant that the flare peak flux too varies in line with
the flare duration. However, the lack of a good association resulting from
the present analysis is an indication that the CME occurrence is due to a
disturbance in the timescale of energy release (Kay et al. 2003).
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Fig. 2. The figure in the left indicates the association between the duration difference and
the peak flux difference. The difference is between the flares associated with CMEs and flares
without associated CMEs. The figure in the left are flares associated with CMEs from the
simple temporal association and flares without associated with CMEs. The figure in the
right are flares associated with CMEs from the WW list and flares without associated with
CMEs. The error bar overlaid on each bar indicate the error in each bin. Red continuous line
indicates linear least squares fit. Correlation coefficients are shown as inset values in each
figure.
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The ratio of duration of flare between flares with CME and without CME
is another measure of energy enhancement. Similarly, the ratio of peak flux val-
ues too is a measure of enhancement of energy if the higher peak of flares with
CMEs is due to higher accumulated energy in such events. Hence, their associ-
ation, or the lack of it, conveys specific message. In Fig.3(left) and Fig.3(right),
we consider the association between the ratios of the flare durations and ratios
of peak fluxes.
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Fig. 3. The figures indicate the association between the duration ratio and peak flux ratio.
The ratio is between flares associated with CMEs and flares without associated CMEs. The
figure in the left are flares associated with CMEs from the simple temporal association and
flares without associated with CMEs. The figure in the right are flares associated with CMEs
from the WW list and flares without associated with CMEs. The error bar overlaid on each
bar indicate the error in each bin. Red continuous line indicates linear least squares fit.
Ratios being quantities without dimensions, no units are shown. Correlation coefficients are
shown as inset values in each figure.

We find that there is a rather poor association between the ratio of flare
duration and ratio of peak flux. These results clearly point to the perturbance
in the flux emission timescale in the case of flares associated with CMEs sug-
gesting these flares as a distinct class of events.

Fig.2 and Fig.3 represent the twin measure of the role played by helicity
expulsion that result in the perturbance in the timescale of release of energy in
flares associated with CMEs indicating the distinctness of such flares compared
to flares without CMEs.

4. Discussion and conclusion

Helicity has been reported to be playing a decisive role in the emission of
flares with higher peak flux and an associated CME. Significantly higher esti-
mated magnetic helicity prevails in the flare-CME ARs than the ARs where
flares occur with no CME (Nindos and Andrews 2004). Filament eruptions
have been reported to be occurring with a strong temporal correlation with
helicity transport from the photospheric magnetic shear motions and emer-
gence (Romano et. al. 2003). The evolution speed of an eruptive filament has
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been temporally coinciding with the transport rate of magnetic helicity of its
host AR (Moon et. al. 2003), which reveals that the filament eruption onset
commenced about 10 minutes before the starting of the impulsive variation of
the magnetic helicity change rate. The impulsive injection of magnetic helicity
is positively correlated with the X-ray peak flux of the associated flare (Moon
et al. 2002a).

The solar magnetic field’s helical structure has been observed in photo-
spheric magnetic fields (Pevtsov and Canfield 1999, Zhang et. al. 2008), chro-
mospheric Hα images (Chae 2000), and coronal X-ray images (Canfield and
Pevtsov 1999). These helical structures are believed to be more likely to erupt
leading to flares and CMEs (Canfield and Pevtsov 1999). The magnetic he-
licity is the signature of the helical structure of the magnetic field, which is
defined as the sum of the linkage and twist of field lines. It is known that
chromospheric and coronal tracers enables the measurement of free energies
from different EUV (extreme ultra-violet) and UV (ultra-violet) wavelengths
that show up as vertical electric currents manifested in the form of helically
twisted loops (Aschwanden 2015).

In a study involving a few X-class and M-class flares, two flares are found
to be associated with helicity changes (Hartkorn and Wang 2004, Moon et al.
2002b). The temporal variation of dH/dt (rate of change of helicity with time)
has been found to be correlated well with the microwave burst which occurred
in an isolated AR NOAA 10930 (Zhang et. al. 2008).

Further, the total unsigned magnetic flux of the host AR has been found to
be higher compared to the visible solar disk for CME associated flares, whereas
the total flux bears no dependence to the flare type. This is an indication of the
prominent role of helicity in causing the CMEs and the associated higher peak
flux in such flares. It is also found that dH/dt variations have close association
to the flare properties and the host AR (Zhang et. al. 2009). This study has
classified the event as type I flare when associated with impulsive injection of
dH/dt, and flare without appreciable injection of helicity as type II flare.

The CME association is indicated with flares of long duration where mul-
tiple destabilizations of filaments occur (Zuccarello et. al. 2011) in contrast to
non-CME flares where the same is absent (Choudhary and Moore 2003). This
may be regarded as a strong indication of flare peak flux being an important
attribute of the eruption of CME compared to duration of the flare. This im-
plication is evident because flares associated CMEs attain higher peak flux
(Suryanarayana and Balakrishna 2017) and the flare associated with CME
attains its peak flux a few hours after the rise in magnetic flux which was
preceded by accumulation of peak helicity and the destabilization of the asso-
ciated filament (Zuccarello et. al. 2011). Therefore, it is possible that the peak
flux of the flare is a representation of the AR characteristics, so that enhanced
peak flux is quite often the case when an associated CME occurs.

Hence, among other distinguishing features, the flare peak flux stands out
as a decisive parameter to conclude that the flares occur in association with
CMEs or without association with CMEs. So, the SXR peak flux enhancement
is the criterion that constitutes two classes of flares: CME flares and non-CME
flares.

It has been reported that an intense SXR flare would not necessarily
amount to an associated CME (Nindos and Andrews 2004). However, the
present study indicates that most often a flare with higher peak flux is a
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necessary pre-requisite for a CME to occur, compared to a flare of similar
duration without an associated CME. Hence, the present study is important
in terms of statistically presenting a compelling case for classification of flares
as comprising of two classes especially since the underlying condition is one of
whether the AR contains significant helicity and its expulsion.

In terms of application, this conclusion may lead to arriving at projections
of a flare duration dependent peak flux estimates for predicting potential flare
candidates for CME occurrences. We will report the results of the same in a
future paper.
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